High mobility group box chromosomal protein 1 (HMGB1) is a DNA-binding nuclear protein that can be released from dying cells and activated myeloid cells. Extracellularly, HMGB1 promotes inflammation. Experimental studies demonstrate HMGB1 to be a pathogenic factor in many inflammatory conditions including arthritis. HMGB1-blocking therapies in arthritis models alleviate disease and confer significant protection against cartilage and bone destruction. So far, the most successful HMGB1-targeted therapies have been demonstrated with HMGB1-specific polyclonal antibodies and with recombinant A box protein, a fragment of HMGB1. The present study is the first to evaluate the potential of a monoclonal anti-HMGB1 antibody (2G7, mouse IgG2b) to ameliorate arthritis. Effects of repeated injections of this antibody have now been studied in two conceptually different models of arthritis: collagen type II-induced arthritis (CIA) in DBA/1 mice and in a spontaneous arthritis disease in mice with combined deficiencies for genes encoding for the enzyme DNase type II and interferon type I receptors. These mice are unable to degrade phagocytozed DNA in macrophages and develop chronic, destructive polyarthritis. Therapeutic intervention in CIA and prophylactic administration of anti-HMGB1 monoclonal antibody (mAb) in the spontaneous arthritis model significantly ameliorated the clinical courses. Anti-HMGB1 mAb therapy also partially prevented joint destruction, as demonstrated by histological examination. The beneficial antiarthritic effects by the anti-HMGB1 mAb in two diverse models of arthritis represent additional proof-of-concept, indicating that HMGB1 may be a valid target molecule to consider for development of future clinical therapy.
INTRODUCTION
Chronic arthritides are inflammatory diseases associated with decreased quality of life and disability due to fatigue, pain and articular tissue destruction. Despite the clinical success of biologics in the treatment of chronic arthritis, there are still many patients with unmet medical needs. Thus, there are good reasons to search for novel therapeutic target molecules that can become the basis for improved treatment.
High mobility group box chromosomal protein 1 (HMGB1) is a nonhistone DNA-binding nuclear protein that displays both intracellular and extracellular activities. Inside the cell, HMGB1 exerts structural and transcriptional activities (1) (2) (3) . Extracellular HMGB1 is a potent endogenous "danger signal" for the initiation of innate immunity. The translocation of HMGB1 from the inside to the outside of the cell is thus a critical event in host defense and inflammation and can occur via two separate mechanisms. HMGB1 may be actively released by inflammatory cells after stimulation with exogenous pathogen-derived molecules or endogenous inflammatory mediators as well as in response to ischemia (4-7).
In addition, HMGB1 can be passively released during disintegration of primary necrotic cells or apoptotic bodies undergoing secondary necrosis (8, 9) . Although not fully resolved, it has been demonstrated that HMGB1-mediated functions are conveyed via several different receptors including toll-like receptor (TLR)-2, TLR4 and the receptor for advanced glycation end products (RAGE) (10) (11) (12) , all implicated in the pathogenesis of arthritis. The following observations indicate a pathogenic role for HMGB1 in rheumatic diseases: HMGB1 is released at the site of joint inflammation (7, 13, 14) ; aberrant synovial HMGB1 expression is downregulated by intraarticular corticosteroid injections (15) ; intraarticular injection of rHMGB1 in mice induces destructive arthritis (16) ; therapeutic targeting of HMGB1 attenuates arthritis in animals and in particular ameliorates the struc-tural damage (7, (17) (18) (19) ; HMGB1 regulates the production and acts upstream of tumor necrosis factor (TNF), interleukin (IL)-1β, IL-6 and tissue-degrading proteases (20) (21) (22) ; and HMGB1 plays a pivotal role in the maturation of osteoclasts (23) (24) (25) .
Experimental animal models of arthritis provide important tools for the development and evaluation of new therapeutic approaches, although all models differ from human disease. Collagen type II-induced arthritis (CIA) is the prototypical model for experimental arthritis that has been studied for many years. Recently, a novel spontaneous arthritis model was described with mice devoid of genes encoding for DNase II and interferon type I receptor (IFN-IR) (26) . DNase II is an intracellular enzyme needed for macrophage degradation of DNA of engulfed apoptotic cells and expelled erythroid cell nuclei. Because of unexplained constitutive production of interferon β (IFN-β), DNase II -/-mice die as embryos but may be rescued by a deletion of the IFN-IR gene (27) . DNase II -/-× IFN-IR -/-mice spontaneously develop destructive chronic polyarthritis at the age of 6-8 weeks with several features shared with rheumatoid arthritis (26) . We previously reported beneficial results in these arthritis models by blocking HMGB1 with truncated HMGB1-derived A box protein, acting as a competitive HMGB1 antagonist, or by using polyclonal anti-HMGB1 antibodies (17, 19) . The HMGB1 A box protein is identical in all mammals, and therapy using this recombinant protein has generated beneficial results in a broad spectrum of preclinical disorders (reviewed in 28). However, the protein has a short survival time in circulation and may need to be modified to prolong its biological availability. HMGB1-specific polyclonal antibodies have also been efficacious in many experimental models, but cannot be applied in clinical studies. The present studies address the question of whether anti-HMGB1 monoclonal antibody (mAb) treatment may modulate arthritis when administered to mice with
The anti-HMGB1 mAb (2G7) used in our studies has previously demonstrated beneficial therapeutic effects in models for experimental sepsis and pancreatic islet graft transplantation (29, 30) . Furthermore, the 2G7 mAb performs excellently in vitro to detect natural HMGB1 in the HMGB1-specific Elispot assay developed by our group (31), in immunohistochemistry studies (32) and to neutralize rHMGB1-induced TNF production in cultured macrophages (11) .
MATERIALS AND METHODS

Animals
All experiments were approved by the Stockholm North Ethical Committee, Sweden. Animals were housed in specific pathogen-free facilities at the Karolinska University Hospital (Stockholm, Sweden). The mice were housed with a maximum of six animals per cage and had free access to water and standard rodent chow. A 12-h light/dark circle was maintained at all times.
DNase II -/-× IFN-IR -/-mice were bred and generated as described previously (19, 27 
Induction of Collagen Type II Arthritis in DBA/1 Mice
Type II collagen (CII) obtained from bovine nasal cartilage and dissolved in 0.1 mol/L acetic acid at a concentration of 2 mg/mL was emulsified with an equal volume of Freund's complete adjuvant. Then 100 μL of the emulsion containing 100 μg CII and 300 μg Mycobacterium tuberculosis was injected subcutaneously into the base of the tail of the mice. On day 28, the mice received a booster injection of 100 μg CII in 100 μL Freund's incomplete adjuvant.
Evaluation of Arthritis
Mice were monitored daily for signs of erythema and swelling of the interphalangeal joints of the digits, the metacarpophalangeal joints and wrist in the forepaws and the metatarsophalangeal joints and ankle joints in the hindpaws. Severity of clinical arthritis in individual paws was scored on a scale of 0-3 as follows: 0 = no signs of arthritis, 1 = one type of joint affected, 2 = two types of joints affected, and 3 = the entire paw affected. Thus, the maximal score for each animal is 12, but mice reaching a total score of 9 were sacrificed because of ethical restrictions; therefore, 9 represents the highest possible score allowed in this study. The arthritis evaluation was performed by several observers blinded to the identity of the animals. The animals were sacrificed by CO 2 
Microscopic Assessment of Joint Pathology
Paws were removed postmortem, dissected and fixed in 4% formaldehyde at 4°C overnight. The paws were then decalcified in EDTA buffer for 3-4 wks before dehydration and paraffin embedding. Serial sections were stained with hematoxylin and eosin to evaluate inflammatory cell infiltration and synovial hyperplasia, or stained with Safranin O (0.1%) to determine cartilage damage and bone erosions, assessing the most severely affected joint in each paw. Cell infiltration and synovitis were graded from 0 (no infiltration/normal synovium) to 3 (severely inflamed joint with maximal cellular influx/synovial hyperplasia). Cartilage destruction and matrix proteoglycan depletion were scored on a scale from 0 to 3, ranging from no abnormalities (score 0) to completely destroyed or proteoglycan-depleted cartilage (score 3). Bone erosions were graded on a scale from 0 (normal bone appearance) to 3 (fully eroded cortical bone) according to a previously published grading scheme (19) . A mean score of the four paws were calculated; thus, the maximal score for each animal was 3. Joint pathology assessment was performed in a coded manner blinded to the identity of the tissue specimen and repeated twice. The agreement between the different evaluations was >95%, and the discrepancy was never more than one score step.
Statistical Analysis
Statistical analysis of clinical arthritis score was on the basis of calculated area under the curve values for individual animals in each group, and the differences between animals in the two studied groups were analyzed by two-tailed, nonparametric Mann-Whitney test. Differences in histopathology score between studied groups were analyzed by twotailed, nonparametric Mann-Whitney test. (17, 19, 32) . It is thus of particular interest that administration of anti-HMGB1 mAb managed to counteract tissue destruction and cartilage proteoglycan depletion. The studied histological parameters included inflammatory cell influx, synovial hyperplasia, depletion of cartilage matrix and bone erosions, and all parameters were significantly reduced (P < 0.05) in anti-HMGB1 mAb-treated animals compared with controls ( Figure 2 ). Paw specimens comprise several joints-including ankle/ wrist, joints between tarsal/carpal and digital bones-with the histology scoring being based on studies of the most severely affected joint. Prophylactic intervention with the anti-HMGB1 mAb did not prevent the development of joint disease. However, the number of paw joints with nonproliferative synovial tissue containing only a few cell layers was greater in treated animals, and signs of cartilage and bone destruction were reduced compared with that of control mice. Synovial cell hyperplasia, inflammatory cell infiltration in synovitis and periarticular tissue were more evident in control mice.
RESULTS
Anti
Successful Therapy with Anti-HMGB1 mAb in Collagen II-Induced Arthritis
Intraarticular inflammation in CIA has, similar to arthritis in DNase II -/-× IFN-IR -/-mice, previously been shown to be an HMGB1-dependent disease that can be successfully treated with polyclonal anti-HMGB1 antibodies (17) . In this previous study, we used irrelevant antibody injections as a control and thus chose isotype antibody treatment as the control arm of this study to enable a comparison of monoclonal versus polyclonal anti-HMGB1 therapies in the same model. Although the clinical onset and disease progression in CIA in DBA/1 mice was more acute and dramatic in the joints, as compared with the spontaneous arthritis model, beneficial results were clearly demonstrated even when anti-HMGB1 mAb therapy started after onset of clinical disease in CIA (Figure 3 ). The mice received daily intraperitoneal injections with the anti-HMGB1 mAb or control antibodies for 7 d when they had reached an arthritis clinical score of ≥2. There was a significant reduction of clinical scores in the 2G7-treated animals (P < 0.05) compared with control-treated animals. In addition to the significant decrease of general disease severity in the 2G7-treated animals on the basis of area under the curve calculations, fewer animals in the 2G7 treatment group reached maximal disease severity (0 of 12 of the 2G7-treated animals compared with 3 of 7 of the control-treated animals).
DISCUSSION
This is the first study where a monoclonal antibody targeting HMGB1 has displayed significant effects in experimental arthritis. This result represents major progress, since anti-HMGB1 blocking monoclonal antibodies may have great clinical therapeutic potential. The generation of a good neutralizing anti-HMGB1 mAb has for many years proven difficult for several reasons. One obstacle is that stressed or dying cultured hybridoma cells producing the mAb will unfortunately release their nuclear HMGB1, which will then bind and block secreted anti-HMGB1 antibodies. Culture conditions are thus critical. Another explanation is that HMGB1 is a uniquely conserved molecule among species with 99% identity in mammals, rendering it less immunogenic. Therapeutic monoclonal anti-HMGB1 antibody intervention has only been successfully described in three previous publications. One mAb recognizing an epitope in the C-terminus of the HMGB1 molecule improved outcome in an experimental stroke model (33) . The 2G7 mAb was previously demonstrated to improve survival in a gram-negative sepsis model (29) and to prevent TLR4-mediated early graft failure after pancreatic islet graft transplantation (30) .
We selected the CIA and the DNase -/-×
IFN-IR
-/-mouse models to study the therapeutic performance of the 2G7 mAb, since we know from previous studies that they represent HMGB1-dependent diseases. CIA is the prototypi- The anti-HMGB1 mAb used in the present study, in the published sepsis and islet graft transplantation studies (29, 30) and the mAb studied in the stroke model (33) are rodent IgG antibodies that need to be humanized before evaluation in clinical trials. However, the beneficial therapeutic outcomes in these diverse conditions, including arthritis, sepsis, organ transplantation and stroke, indicate strong proof-of-concept in support of a further development of monoclonal anti-HMGB1 antibodies.
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